Sensory neural circuits must create internal representations of the natural environment and update 10 those representations when the environment changes. Many neurons perform these adjustments by 11
INTRODUCTION 22
The fundamental constraints on sensory coding require that neural circuits adjust their outputs based 23 on the statistical properties of their recent inputs [1] [2] [3] . Neurons respond to dynamic inputs using two 24 distinct strategies-adaptation and sensitization. Adapting cells respond to strong stimulation by 25 decreasing their sensitivity and this decrease in responsiveness can persist for several seconds after 26 the stimulus intensity decreases 3-9 . Thus, adapting cells are relatively insensitive to weak stimuli 27 occurring during these transition periods. Sensitizing cells show the opposite pattern-increasing 28 their responsiveness at these transitions [10] [11] [12] . For this reason, adaptation and sensitization are 29 thought to constitute opposing and complementary forms of short-term neural plasticity 10, 11 . 30 31 This hypothesis requires that a sensitizing cell type have an adapting counterpart that encodes 32 common information 10 . However, this constraint could potentially decrease the amount of 33 information that can be encoded in an neural ensemble and increase the metabolic demands on a 34 sensory tissue 3, 13 . Alternatively, adaptation and sensitization could be signatures of fundamentally 35 distinct neural coding strategies 14 . Further, these alternative hypotheses are not mutually exclusive-36 adapting and sensitizing cells could mirror each other in some species and neural pathways and not 37 in others, depending on the particular coding and metabolic constraints in those systems 2,3,13,15 . 38 However, given that neural sensitization was only recently discovered, relatively little is known about 39 its roles in neural information processing. 40
41
To address this issue, we recorded from five types of output neurons in the macaque monkey 42 retina-broad thorny (koniocellular-projecting), On and Off parasol (magnocellular-projecting), and 43
On and Off midget (parvocellular-projecting) ganglion cells. These cells have well described roles in 44 visual processing and no known functional counterparts. We studied how these cells responded to 45 global fluctuations in contrast and other stimulus statistics. We report that whereas broad thorny and 46 parasol cells strongly adapted, midget cells sensitized-increasing their responsiveness to certain 47 types of visual stimulation, including high contrast and simulated eye movements. Synaptic current 48 recordings revealed that this increased sensitivity was present in the excitatory input from midget 49 bipolar cells and was mediated by presynaptic disinhibition. A computational model based on 50 synaptic input recordings further indicated that this increase in sensitivity greatly enhanced the 51 fidelity of encoding natural scenes. Moreover, the lack of an adapting counterpart to midget cells 52 indicates that sensitizing circuits perform a distinct role in primate retina relative to that observed in 53 exhibit noticeable changes in responsiveness following transitions from high to low contrast regimes 59 9,17 . The assay used to measure adaptation was a sinusoidally modulated drifting grating with bar 60 widths tuned to the size of the midget cell receptive field center, which is narrower than many other 61 retinal cell types. Thus, if plasticity in the midget pathway depended on mechanisms with broader 62 spatial tuning, this assay would not engage such mechanisms. To determine whether short-term plasticity in the midget 83 pathway depended on the spatial properties of the 84 stimulus, we repeated this assay while varying the spatial 85 tuning of the gratings. At the offset of high contrast, 86 midget cells did not exhibit a notable change in firing 87 relative to the period that preceded high-contrast 88 stimulation 9,17 ( Figure 1C ; spatial frequency, 3.5 cycles 89 degree -1 ). To determine whether this lack of either 90 adaptation or sensitization persisted across a range of stimulus conditions, we varied the spatial 91 frequency content of the drifting gratings. Following the offset of low spatial frequency gratings, 92 most midget cells showed an increase in spiking relative to the period preceding grating onset 93 ( Figure 1D ; spatial frequency, 0.35 cycles degree -1 ). This increase in spiking following high contrast 94
is characteristic of the contrast sensitization observed in other vertebrate retinas 10-12 . The presence 95 of sensitization at low spatial frequencies suggested that sensitization depended on the ability to 96 engage elements in the midget cell receptive field with broad spatial tuning relative to the midget 97 bipolar cell. 98
99
Parasol and broad thorny cells responded very differently than midgets. At the transition from high 100 to low contrast, these cells showed a pronounced decrease in spiking relative to the period before 101 the grating turned on and several seconds were required for the spike rate to recover ( Figure 1A, B ; 102 high contrast, 1.0; low contrast, 0.0; spatial frequency, 0.18-3.5 cycles degree -1 ; grating size, 730 µm 103 × 730 µm). This behavior is characteristic of contrast adaptation-during periods of high contrast, 104 circuit mechanisms reduce the gain to avoid saturation and the gain remains low for several seconds 105 following the transition to a low-contrast regime 9,18,19 . 106 107
Wide-field stimulation evokes contrast sensitization in midget ganglion cells 108
Our next goal was to determine how this putative wide-field component of the midget cell receptive 109 field contributed to contrast coding. To accomplish this goal, we sought a more spatially and 110 temporally precise assay of sensitivity following wide-field adaptation. Contrast tuning of parasol and 111 midget cells was determined with spots centered on the receptive field (duration, 0.1 s; parasol 112 diameter, 80-200 µm; midget diameter, 40-80 µm). Contrast responses were measured in isolation 113 (unadapted condition) or 50-100 msec following the offset of an adapting stimulus (adapted 114 condition). The adapting stimulus was a large, high-contrast spot modulated at 20-30 Hz (diameter, 115 730 µm; contrast, 0.5-1.0, duration, 1.25 s). Presentations of the adapted and unadapted stimuli were 116 interleaved to account for any potential variability in cellular responses over time. 117
118
Example spike responses to this stimulus paradigm are shown in Figure 2 . Parasol cells increased 119 their spike rate at the onset of the adapting stimulus and the spike rate quickly decreased to a steady-120 state rate by ~0.25 s. Test flashes presented after the offset of the adapting stimulus evoked fewer 121 spikes relative to the unadapted control ( Figure 2A ). Both of these patterns-a transient increase in 122 spike rate following the transition to high contrast and a decrease in spiking after the transition to 123 low contrast-are characteristic of cells undergoing contrast adaptation 4,6,20 . 124
125
We modeled the variation in the contrast-response function following the adapting stimulus as a 126 change in the slope (gain) and a horizontal shift relative to the control condition (see Methods). The wide-field adaptation evoked a leftward shift in the contrast-response curve (black) relative to 142 the unadapted control condition (red). Midget cells showed several striking differences relative to the pattern observed in parasol cells. 154
First, the decrease in gain was much smaller in midget cells (-5.4 ± 4.3%; n = 14 cells; p = 0.12). 155
Second, an increase in spike rate was observed at the offset of the adapting stimulus relative to the 156 unadapted control ( Figure 2B ). This increase in spiking was evident at all contrasts tested including 157 the zero-contrast condition in which the spot intensity was equal to the average background 158
intensity. The elevation in spiking following the adapting stimulus produced a leftward shift in the 159 contrast-response curve relative to control (-16.2 ± 2.3% contrast; p = 5.2 × 10 -6 ). A negative 160 horizontal shift value occurred when the adapted curve was shifted to the left of the control curve 161 and this indicated that a weaker stimulus was required to elicit the same spike response from a 162 midget cell following the adapting stimulus. This observation was consistent with previous reports 163 demonstrating that a decreased spike threshold, increased baseline response, and slight decrease in 164 gain are characteristic of contrast sensitization 10,11 . 165 166
Contrast sensitization is reduced for wide-field stimulation 167
Midget cells show narrow receptive-field centers with strong input from the receptive-field surround 168 21-23 . Thus, the effect of sensitization may be diminished following the adapting stimulus depending 169 on the relative influences of the direct midget bipolar cell input and wide-field mechanisms in 170 contrast sensitization. To determine whether contrast sensitization varied with the size of the test 171 flash, we repeated the adaptation experiment but used wide-field test flashes to measure the contrast 172 tuning of midget cells (diameter, 730 µm). The wide-field test flash evoked a slight leftward shift for 173 the adapted condition relative to control, but this shift was much smaller than was observed for the 174 small-diameter test flash in the same cell (compare Figure 2B , D). This trend held true across midget 175 cells-horizontal shifts were more negative for the small-diameter test flash than for the wide-field 176 test flash in the same cell and these shifts were not statistically significant for the wide-field test 177
flashes (x-shift, -2.4 ± 4.6% contrast; p = 0.30; gain change, -5.8 ± 5.8%; n = 9 cells; p = 0.17; 178 Figure 2E ). These data indicated that the relative activations of narrow-field and wide-field 179 mechanisms during and following the adapting stimulus were critical to contrast sensitization in 180 midget ganglion cells. Moreover, this result agrees well with previous findings that did not report 181 contrast sensitization to wide-field noise 18 . To determine the time course of sensitization in midget cells, we measured spot responses at 205 different times following the offset of the adapting stimulus (delay, 0.025-1.6 sec; contrast, ±0.5; 206 duration, 0.1 sec). Relative to the unadapted control, the adapting stimulus elicited higher spike rates 207 to the test flash in midget cells at delays of 0.025-0.4 seconds ( Figure 3B ). This elevation in spiking, 208 characteristic of sensitization, was greatest 0.05-0.1 seconds after the offset of the adapting stimulus. 209
Parasol cells, on the other hand, showed a reduction in spiking to the same stimulus that persisted 210 for approximately one second ( Figure 3C ). Together, these data indicated that sensitization in midget 211 cells could be elicited even with fairly brief stimulus presentations and that it persisted for several 212 hundred milliseconds. These stimuli are created by modulating L and M cones in opposing phases to silence achromatic 223 mechanisms that sum inputs from these cone types (i.e., L+M). We measured contrast-responses to 224 purely chromatic (isoluminant) flashes (duration, 0.1 sec) in the presence or absence of an 225 achromatic adapting stimulus, as above. As with the achromatic stimuli, the adapting stimulus 226 elicited a leftward shift to chromatic test contrasts ( Figure 4 ). This shift was reminiscent of that 227 observed for achromatic stimulation (-11.3 ± 4.1% contrast; n = 8 cells; p = 1.5 × 10 -2 ). These data 228
indicated that contrast sensitization enhanced both achromatic and chromatic processing in midget 229
cells. 230 231
While chromatic processing was affected by sensitization, the observation that an achromatic 232 adapting stimulus was sufficient to evoke sensitization indicated that chromatic circuits were not 233 necessary to elicit the phenomenon. These data did not, however, rule out contributions from purely 234 chromatic mechanisms to contrast sensitization. 235 236
Sensitization does not arise from a chromatic mechanism 237
To determine whether such a chromatic mechanism contributed to the observed contrast 238 sensitization, we presented a chromatic adapting stimulus. This stimulus was specifically designed to 239 modulate chromatic mechanisms that differentiate L-and M-cone inputs (L-M; isoluminant) while 240 silencing achromatic mechanisms that sum inputs from the L-and M-cone pathways (L+M; 241 isochromatic). Following the adapting stimulus, an isoluminant contrast series was used to measure 242 the input-output relationship. In the same cell, we compared chromatic contrast-responses following 243 a chromatic (L-M) or achromatic (L+M) adapting stimulus. 244
245
The achromatic adapting stimulus produced a leftward shift in the chromatic contrast-response 246 relation. The chromatic adapting stimulus, however, produced no such shift (x-shift, -1.1 ± 4.7% 247 contrast; n = 8 cells; p = 0.41). We interpreted this result as evidence that contrast sensitization 248 arose from an achromatic mechanism in the midget cell receptive-field. Moreover, given the role of 249 horizontal cells in forming the L-versus-M opponent receptive-field surround, these data excluded 250 horizontal cells as the source of sensitization in the midget pathway 21 . 
Sensitization is present in excitatory synaptic input from midget bipolar cells 266
The experiments above found contrast sensitization in the spike output of midget ganglion cells. 267
Our next goal was to understand the circuit mechanisms mediating sensitization. To accomplish this 268 goal, we measured the direct excitatory and inhibitory synaptic inputs to midget ganglion cells with 269 whole-cell, voltage-clamp recordings (see Methods). Excitatory currents were isolated by holding a 270 cell's membrane voltage at the reversal potential for inhibition (-70 mV), and likewise, inhibitory 271 currents were recorded at the excitatory reversal potential (0 mV). An increase in excitatory input to 272 a cell was indicated by a more negative (inward) current relative to the leak current. Indeed, the 273 adapting stimulus evoked larger inward excitatory currents relative to the unadapted control at all contrasts tested ( Figure 5A ). Plotting excitatory charge as a function of contrast revealed a similar 275 pattern to that observed in the spike recordings-the adapting stimulus evoked a leftward shift in 276 the contrast-response curve relative to the unadapted control ( Figure 5B ). On average, the adapting 277 stimulus elicited a horizontal shift of -11% contrast (-11.3 ± 4.2% contrast; n = 8 cells; p = 1.95 × 278 10 -2 ). These results indicated that contrast sensitization was present in the excitatory synaptic input 279 from midget bipolar cells to midget ganglion cells. We also tested for the presence of sensitization in the inhibitory synaptic inputs to midget cells. 299
Unlike the pattern observed in spiking and excitatory currents, the adapting stimulus did not 300 consistently elicit leftward shifts in the inhibitory contrast-response functions relative to control 301 (+5.8 ± 4.3% contrast; n = 8 cells; p = 0.25; Figure 5C ). These data indicated that contrast 302 sensitization arose at or prior to the level of glutamate release from midget bipolar cells. This finding 303 was consistent with the circuit model for contrast sensitization in bipolar cells in the retinas of fish, 304 salamander, mice, and rabbits 10-12 . This model posited a mechanism in which a strongly adapting 305 amacrine cell drove sensitization by a mechanism of presynaptic inhibition at the bipolar cell 306 terminal 11 . During the adapting stimulus, the amacrine cell adapted such that it decreased release of 307 inhibitory neurotransmitter to the bipolar cell synaptic terminal relative to the tonic level following 308 stimulus offset. This presynaptic disinhibition, in turn, depolarized the bipolar cell synaptic terminal, 309
allowing the cell to utilize its full dynamic range in signaling via glutamate release to postsynaptic 310 ganglion cells. 311
312
Cleanly measuring the effects of presynaptic inhibition on circuit function has proven exceedingly 313 difficult as use of inhibitory receptor antagonists typically cause many off-target effects that make 314 data interpretation highly tenuous 24 . Indeed, adding inhibitory antagonists in primate retina evoked 315 significant increases in tonic glutamate release from bipolar cells and changed the contrast polarity of 316
On parasol cells 25 . Nonetheless, our spike and whole-cell recordings strongly supported the 317 proposed model in which contrast sensitization arose from disinhibition at the presynaptic bipolar 318 cell terminal 11 . First, the lack of sensitization to a purely chromatic (isoluminant) adapting stimulus 319 indicated that sensitization did not arise in the outer retina at the level of horizontal cell feedback 320 ( Figure 4) . Second, the effect of presynaptic disinhibition was seen in our excitatory current 321 recordings ( Figure 5D ). In one of our stimulus conditions the test flash contrast was zero such that 322 the stimulus intensity returned to the average background intensity at the offset of the adapting 323 stimulus. Although this stimulus lacked a change in contrast following the adapting stimulus, we 324 observed an increase in excitatory synaptic input ( Figure 5D ). This response pattern was consistent 325 with a decrease in presynaptic inhibition following the offset of the adapting stimulus, resulting in an 326 increase in glutamate release from midget bipolar cells. Thus, our recordings in midget pathway of Having established the presence of contrast sensitization in midget bipolar cells, we next sought to 332 understand the relevance of this neural computation to visual processing in primates. To accomplish 333 this goal, we developed a computational model of the proposed circuit in which bipolar cell parameters were determined by recording excitatory and inhibitory synaptic current responses from 336 midget ganglion cells to a Gaussian white noise stimulus (see Methods). 337
338
We modeled the midget bipolar and presynaptic amacrine cell pathways using the classical linear-339 nonlinear model with two modifications: 1) adaptation occurred at the amacrine cell output and 2) 340 the amacrine cell output was applied to the bipolar cell model prior to the bipolar cell output 341 nonlinearity ( Figure 6A ). The model parameters controlling presynaptic sensitization were fit from 342 direct excitatory current recordings. In the same cell from which these parameters were determined, 343
we measured excitatory current responses to the wide-field adapting stimulus (see Figure 5) , and the 344 model qualitatively reproduced the increase in excitatory currents following the offset of this 345 adapting stimulus ( Figure 6C) . We further tested the model using the drifting grating stimuli presented in Figure 1 . The model 362 produced distinct outputs for the high and low spatial frequency gratings. The high frequency 363
grating produced a relatively small response and, as a result, little adaptation in the presynaptic amacrine cell ( Figure 6D , middle row). This was due to the broad receptive field center size of the 365 amacrine cell relative to the bars of the grating. Low frequency gratings, however, strongly 366 modulated the amacrine cell and produced significant adaptation; this adaptation, in turn, caused a 367 removal of inhibition at the level of the bipolar cell following the offset of the grating, resulting in 368 sensitization ( Figure 6D , bottom row). The model predictions were qualitatively similar to our direct 369 recordings from midget cells, indicating that contrast sensitization in primate retina can be well 370 explained via presynaptic disinhibition as in other species 10-12 . 371 372 Sensitizing circuits more accurately reconstruct natural stimuli than adapting circuits 373
We next sought to understand how these differing strategies of adaptation and sensitization 374 impacted encoding during naturalistic vision. This was done by testing the ability of adapting and 375 sensitizing models to accurately encode natural scenes. We specifically wanted to determine how which stimulus contrast was estimated by taking the scaled difference between the On and Off cell 387 outputs. We also tested a quadratic decoding model that squared the On and Off outputs prior to 388 differencing (see Methods). Using these decoders, we compared the performance of the sensitization 389 model with a model in which the midget bipolar underwent contrast adaptation. Regardless of the 390 decoding scheme used, the sensitizing model showed higher accuracy for reconstructing the entire 391 stimulus trajectory than the adapting model (linear r 2 : sensitization, 0.81 ± 0.05; adaptation, 0.23 ± 392 0.07; p = 2.7 × 10 -54 ; quadratic r 2 : sensitization, 0.84 ± 0.05; adaptation, 0.45 ± 0.09; p = 2.9 × 10 -54 ; 393 n = 161 movies; mean ± SD; Figure 7C ). The sensitizing model also outperformed the adapting 394 model when the analysis was restricted to periods of fixation ( Figure 7D) . 395 396 The sensitizing model showed increased encoding accuracy for periods of fixation relative to periods 397 of ballistic eye movements (movement r 2 , 0.63 ± 0.12; p = 2.9 × 10 -35 ; Figure 7E ). This finding 398 suggested that sensitization could play a particularly important role in vision during periods of 399 fixation following the offset of global motion. We, thus, sought to determine whether background 
Background motion evokes contrast sensitization in midget cells 418
To determine whether background motion elicited sensitization, we measured contrast responses in 419 midget cells following the offset of a full-field moving texture (speed, 5-11 degrees s -1 ; duration, 1 s). 420
The goal was to simulate, as closely as possible, the brief periods of fixation following eye 421 movements and to test sensitivity during these fixation periods. We interleaved these recordings with 422 measurements when the texture was stationary throughout the trial. The moving textures elicited an 423 increase in spiking and a leftward shift in the contrast-response functions relative to the control 424 condition in which the texture was stationary (Figure 8 ). On average, the shift was -25% contrast for 425 spike recordings (-25.4 ± 4.4% contrast; n = 10 cells; p = 2.4 × 10 -2 ) and -12% contrast for 426 excitatory current recordings (-12.5 ± 5.1% contrast; n = 4 cells; p = 2.4 × 10 -2 ). Thus, similar to circuits described in other vertebrates, the midget pathway could utilize presynaptic 450 inhibition to account for self-motion 11, 27, 28 . Further, we found that both On-and Off-type midget cells exhibited sensitization (Figure 1-4, 8) , 462 and the primate retina lacks an adapting functional counterpart to midget cells with similar 463 chromatic opponency or spatial acuity 29 ; thus, sensitization does not counterbalance adaptation in 464 another functionally parallel pathway. 465 466 Instead, our findings indicate that sensitization maintains the responsiveness of the midget pathway 467 during dynamic visual processes, such as head or eye movements, that cause rapid fluctuations in 468 light intensity on the retina. We base this conclusion on several key observations. First, sensitization 469 was strongest following wide-field stimulation (Figure 1-4 ) or background motion (Figure 8) . 470
Second, sensitization persisted for >0.2 s (Figure 3 ), a period that roughly corresponds to the 471 durations of fixations following eye movements in primates (reviewed in 30 ). Finally, sensitization 472 greatly improved the fidelity of encoding natural movies, particularly during periods of fixation 473 following ballistic eye motion (Figure 7) . Thus, sensitization appears to play a unique and crucial role 474 in neural coding in primates. 475 476
Distinct functions of adaptation and sensitization in primate retina 477
Our findings also speak to the roles of neural adaptation in the parasol and broad thorny ganglion 478 cell pathways. Previous work proposed that adapting cells could produce a nearly optimal faithful 479 encoding of sensory inputs 31 . Our computational model, however, indicates that sensitizing circuits 480 outperform adapting circuits in encoding natural movies (Figure 7) . The improved reconstruction sensitizing cells are better for encoding faithful representations of sensory input than adapting cells 483 14 . According to this paradigm, sensitizing cells such as midget ganglion cells would be useful for 484 directly encoding information about the properties of the input (e.g., contrast, color). Adapting cells, 485 on the other hand, are optimized for performing inference tasks 14, 32 . 486
487
Adapting cells dynamically adjust their input-output properties to align with the recent stimulus 488 distribution 4,8 . These adjustments make the cells exquisitely sensitive to changes in stimulus 489 statistics, allowing them to infer when salient properties of the environment change. For example, 490 quickly detecting object motion is an ethologically relevant and phylogenetically ancient neural 491 computation 33,34 ; by decreasing their responsiveness during periods in which the background is 492 either stationary or coherently moving, adapting neural circuits would be poised to report when an 493 object moves relative to the background 27,35 . Interestingly, both adapting parasol and broad thorny 494 ganglion cells have been implicated in motion processing 25,35 and project to retinorecipient brain 495 regions in the lateral geniculate body, superior colliculus, and inferior pulvinar that contribute 496 significantly to motion vision [36] [37] [38] . 497 498
Relationship to psychophysical measurements in humans 499
It has long been recognized that eye movements play important computational roles in visual 500 processing (reviewed in 39, 40 ). Periods in which an image is stabilized on the retina cause that image 501 to fade from perception 41 and small fixational eye movements appear to counteract this fading 42, 43 . 502
These eye movements can, however, produce large temporal fluctuations in contrast, particularly 503 when viewing high-contrast objects. This would, in turn, produce fading phenomena in cells that 504 strongly adapt, such as parasol ganglion cells-a prediction that was confirmed with our 505 computational model (Figure 7) . 506
507
Neural mechanisms such as sensitization may serve to counteract adaptation by maintaining the 508 sensitivity of certain visual pathways during eye movements. Indeed, our computational model and 509 direct measurements indicated that contrast sensitization in the midget ganglion cell pathway was 510 engaged well by background motion such as that observed during eye movements (Figure 7, 8) . 511
Thus, contrast sensitization might act to maintain sensitivity of image-forming visual pathways 512 following eye movements that are commonplace in primate vision. Indeed, psychophysical studies in 513 humans indicated that contrast sensitivity increases following both ballistic (saccade) and fixational 514 eye movements 42,43 . Moreover, this increase in sensitivity was limited to chromatic stimuli and high-515 spatial-frequency achromatic stimuli, mirroring our results in midget ganglion cells. For extracellular recordings, currents were wavelet filtered to remove slow drift and amplify spikes 553 relative to the noise 45 and spikes were detected using either a custom k-means clustering algorithm or by choosing a manual threshold. Whole-cell recordings were leak subtracted and responses were 555 measured relative to the median membrane currents immediately preceding stimulus onset (0.25-0.5 556 s window). Summary data are presented in terms of conductance (g), which is the ratio of the current 557 response (I) to the driving force: 558 559
where Vm is the holding potential (in mV) and E is the reversal potential (in mV). Reversal potentials 560 of 0 mV and -70 mV were used for excitatory and inhibitory inputs, respectively. 561 562
Sensitization and adaptation models 563
We modeled spatiotemporal integration in bipolar cells and amacrine cells as the product of a 564
Gaussian spatial filter and a biphasic temporal filter which was then passed through an input-output 565 nonlinearity. The output of this nonlinear stage of the amacrine cell model was then passed through 566 an adaptation stage; adaptation in the amacrine cell provided inhibitory input to the bipolar cell 567 model prior to the output nonlinearity ( Figure 6A ). Following the subunit output, model midget 568 ganglion cells and amacrine cells pooled (summed) inputs from bipolar cell subunits and the weights 569 of these inputs were normalized by the subunit location relative to the receptive field center using a 570 where τ is the temporal lag. These filters were then modeled as a damped oscillator with an S-shaped 581 onset 46,47 : 582 583
where A is a scaling factor, τrise is the rising-phase time constant, τdecay is the damping time constant, 584 τperiod is the oscillator period, and φ is the phase (in degrees). 585
586
The input-output nonlinearity was calculated by convolving the temporal filter (F) and stimulus (S)
589
The prediction (x-axis) and response (y-axis) were modeled as a cumulative Gaussian distribution 48 . 590
591
where α indicates the maximal output value, ε is the vertical offset, β is the sensitivity of the output 592 to the generator signal (input), and γ is the maintained input to the cell. The amacrine cell providing direct inhibition to the midget ganglion cells is likely distinct from the 601 cell providing presynaptic inhibition at the level of the midget bipolar cell (see Figure 5 ). Thus, our 602 inhibitory synaptic recordings likely did not grant us direct access to the properties of the amacrine 603 cell responsible for contrast sensitization. These recordings do, however, provide an estimate of the 604 time-course of signals passing through the presynaptic amacrine cell to midget bipolar cells. Signals 605 passing through this amacrine cell proceed from cone photoreceptors to bipolar cells and then to 606 the amacrine cell in question before providing input to the midget bipolar cell. In the same way, the 607 amacrine cell providing direct inhibition to midget ganglion cells must pass through an extra 608 synapse. Thus, our recordings of direct synaptic inhibition were useful in approximating the time 609 course of presynaptic inhibition at the midget bipolar terminal. 610 611
Evaluating model performance to naturalistic movies 612
We evaluated the performance of the adaptation and sensitization models in reconstructing the 613 naturalistic movie sequences using linear and quadratic decoding paradigms. To estimate stimulus 614 contrast, the linear decoder (fLINEAR) summed the scaled outputs of the model On and Off midget 615 ganglion cells: 616 617
where aON and aOFF are scaling constants and k is an offset constant. The quadratic model was similar 618 in structure except that the response from each pathways was squared prior to summation: 619 620
For each of the 161 movies in the database, the input stimulus was shifted to the peak of the midget 621 temporal filter (~35 ms) and then scaling and offset coefficients were determined using least-squares 
